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Mechanical resonators based on a single carbon nanotube are exceptional sensors of mass and
force. The force sensitivity in these ultra-light resonators is often limited by the noise in the de-
tection of the vibrations. Here, we report on an ultra-sensitive scheme based on a RLC resonator
and a low-temperature amplifier to detect nanotube vibrations. We also show a new fabrication
process of electromechanical nanotube resonators to reduce the separation between the suspended
nanotube and the gate electrode down to ∼ 150 nm. These advances in detection and fabrication
allow us to reach 0.5 pm/
√
Hz displacement sensitivity. Thermal vibrations cooled cryogenically at
300 mK are detected with a signal-to-noise ratio as high as 17 dB. We demonstrate 4.3 zN/
√
Hz
force sensitivity, which is the best force sensitivity achieved thus far with a mechanical resonator.
Our work is an important step towards imaging individual nuclear spins and studying the coupling
between mechanical vibrations and electrons in different quantum electron transport regimes.
Keywords: nanomechanical resonators, displacement sensitivity, force sensitivity,
NEMS, carbon nanotube
The smallest operational mechanical resonators are
based on low-dimensional materials, such as carbon nan-
otubes [1], graphene [2–4], semiconducting nanowires [5–
8], and levitated particles [9, 10]. Such resonators are
fantastic sensors of external forces [11–14] and the ad-
sorption of mass [15–17]. They also provide a ver-
satile platform for fundamental science, including the
study of noise [18–20], nonlinear phenomena [21–24],
electron-phonon coupling [25–29], and light-matter inter-
action [30, 31]. The greatest challenge with these tiny res-
onators is to transduce their mechanical vibrations into a
measurable electrical or optical output signal. Novel de-
tection methods have been continuously developed over
the years [32–47]. This effort has often been paid off with
the improvement of sensing capabilities and the measure-
ment of unexpected phenomena.
Care has to be taken to avoid heating when improv-
ing the detection of the motion. The transduction of the
motion is achieved by applying some input power to the
resonator. In the case of nanotube resonators, the input
power is usually related to the oscillating voltage applied
across the nanotube [1] or the laser beam illuminating the
nanotube [38, 47]. The displacement sensitivity becomes
better when increasing the input power. However, the in-
put power has to be kept low enough to avoid electrical
Joule heating and optical adsorption heating. Heating is
especially prominent in tiny objects, such as nanotubes,
because of their small heat capacity. Heating is detri-
mental, because it deteriorates the force and the mass
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sensitivity and increases the number of quanta of vibra-
tional energy.
Here, we report on a novel detection method that al-
lows us to measure the mechanical vibrations of nanotube
resonators with an unprecedented sensitivity. The de-
tection consists in measuring the electrical signal with a
RLC resonator and a high electron mobility transistor
(HEMT) amplifier cooled at liquid-helium temperature.
In order to further improve the detection, we develop a
new fabrication process to enhance the capacitive cou-
pling between the ultraclean carbon nanotube and the
gate electrode. This allows us to achieve 1.7 pm/
√
Hz dis-
placement sensitivity when the temperature of the mea-
sured eigenmode is 120 mK. At higher vibration tem-
perature, the resonator can be probed with larger input
power, so that the sensitivity reaches 0.5 pm/
√
Hz at
300 mK.
We use a new fabrication process to grow ultra-
clean carbon nanotube resonators suspended over shallow
trenches. Figure 1a shows a ∼ 1.3 µm long nanotube con-
tacted electrically to two electrodes and separated from
the local gate electrode by ∼ 150 nm. The electrodes
made from platinum with a tungsten adhesion layer are
evaporated on top of silicon dioxide grown by plasma-
enhanced chemical vapour deposition. Nanotubes are
grown by the ‘fast heating’ chemical vapour deposition
method in the last fabrication step [48]. This method
consists in rapidly sliding the quartz tube through the
oven under a flow of methane, so that the sample moves
from a position outside of the oven to the center of the
oven, whose temperature is Tgrowth = 820
◦C. This
growth process has two assets compared to the usual
growth of nanotube resonators [37]. It allows us to sus-
pend nanotubes over wide trenches. In addition, the elec-
trodes are less prone to melt and change shape.
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2Mechanical vibrations are detected electrically using a
RLC resonator and a HEMT amplifier cooled at liquid-
helium temperature (Fig. 1b). Displacement modulation
is transduced capacitively into current modulation by ap-
plying an input oscillating voltage V acsd across the nan-
otube [1, 12, 37]. The frequency ωsd/2pi of the oscillating
voltage is set to match ωsd = ω0 ±ωRLC, where ω0/2pi is
the resonance frequency of the nanotube resonator and
ωRLC/2pi = 1.25 MHz the resonance frequency of the
RLC resonator. Driven vibrations are measured with the
two-source method [1]. Thermal vibrations are measured
by recording the current noise at ∼ ωRLC [12, 37]. These
current noise measurements are similar to those recently
carried out on quantum electron devices [49–51].
The RLC resonator and the HEMT amplifier [52] al-
low us to reduce the current noise floor at ∼ ωRLC down
to 28 fA/
√
Hz below ∼ 100 mK (Fig. 1c). The current
noise floor is temperature dependent above ∼ 100 mK
because of the Johnson-Nyquist noise of the impedance
of the RLC resonator. Below ∼ 100 mK, the Johnson-
Nyquist noise becomes vanishingly small. The noise floor
is then given by the current noise (6.2 fA/
√
Hz) and the
voltage noise (0.16 nV/
√
Hz) of the HEMT amplifier and
the voltage noise of the room temperature amplifier. The
gain of the HEMT amplifier is set at 5.6. The induc-
tance of the circuit is given by the 66 µH inductance
soldered onto a printed-circuit board (PCB). The 242 pF
capacitance measured from the RLC resonance frequency
comes from the capacitance of the radio-frequency cables
and the low-pass filter VLFX-80 between the device and
the HEMT. The 7.52 kΩ resistance obtained from the
87 kHz line-width of the RLC resonator is attributed to
the 10 kΩ resistance soldered onto the PCB and the input
impedance of the HEMT amplifier.
The lowest-lying flexural eigenmodes are identified by
capacitively driving the resonator with an oscillating
force and measuring the motion with the two-source
method [1]. The dependence of the resonance frequency
as a function of the static voltage V dcG applied to the
gate electrode demonstrates that the measured resonance
is related to a mechanical eigenmode of the nanotube
(Fig. 2a). The amplitude of the lowest-frequency reso-
nance is much larger than that of the second detected
resonance (Fig. 2b). We conclude that the detected eign-
modes are polarized in the direction perpendicular to the
surface of the gate electrode to a good approximation,
and that eigenmodes polarized in the parallel direction
cannot be detected.
The thermal vibrations are recorded at the base tem-
perature of the dilution cryostat (Fig. 2c). We switch off
the driving force, and the displacement noise is recorded
with the method described in Refs. [12, 37]. The quality
factor is Q =627,000 with the gate voltage set at V dcG =-
0.21 V. We choose this gate voltage so that the electron
transport is not in the Coulomb blockade regime. The
Q-factor becomes lower at more negative gate voltages
because of electrical losses [53] and at positive gate volt-
ages due to Coulomb blockade [25]. We measure the de-
pendence of the variance of the displacement
〈
δz2
〉
on
the cryostat temperature T (Fig. 2d). The linear de-
pendence is in agreement with the equipartition theorem
mω20
〈
δz2
〉
= kbT , where m is the effective mass of the
resonator. We obtain m = 8.6 ag from the slope, which
is consistent with the mass expected for a ∼ 1.3 µm long
nanotube. Below∼ 120 mK the eigenmode does not ther-
malize well with the cryostat (Fig. 2d). Measurements
on a second nanotube resonator show that the eigenmode
reaches ∼ 50 mK (Supplementary Information). The ori-
gin of this poor thermalization at low temperature may
be related to a non-thermal force noise, such as the elec-
trostatic force noise related to the voltage noise in the
device [54].
The force sensitivity derived from the noise spec-
trum in Fig. 2c is
√
SFF = 4.3 ± 2.9 zN/
√
Hz. Be-
cause the thermal resonance is described by a Lorentzian
line shape, the force sensitivity is quantified from the
total displacement noise at resonance frequency using
SFF = Szz(ω0)/|χ(ω0)|2 with the mechanical suscepti-
bility |χ(ω0)| = Q/mω20 . The force sensitivity is given
to a large extent by the thermal force noise of the res-
onator
√
SthFF =
√
4kbTmω0/Q = 4.0 zN/
√
Hz, which is
the fundamental limit of the force sensitivity set by the
fluctuation-dissipation theorem. The noise of the impre-
cision in the detection contributes to the force sensitiv-
ity by a low amount. The error bar in the estimation of
the force sensitivity originates essentially from the uncer-
tainty in the nanotube diameter and the separation be-
tween the nanotube and the gate electrode. Table I shows
that the force sensitivity measured in this work is better
than what is reported with resonators micro-fabricated
from bulk material [55–57], and resonators based on
nanotube [12], semiconducting nanowire [13, 14, 58],
graphene [54], and levitating particles [18]. In Ref. [37],
the reported thermal force noise is lower, but the cross-
correlation noise measurement does not quantify the
force noise due to the imprecision in the detection, so
that the total force noise cannot be quantified.
We now look at how the displacement noise is affected
by the input power related to the oscillating voltage V acsd
(Figs. 3a-d). The variance of the displacement increases
abruptly above V acsd ' 80 µV when the cryostat is at
base temperature (Fig. 3c). This indicates the rise of
the thermal vibration amplitude due to Joule heating.
By contrast, the variance of the displacement remains
constant over the whole range of V acsd that we apply when
the cryostat temperature is set at 300 mK (Fig. 3d).
Our detection scheme allows us to reach an excellent
displacement sensitivity for input powers below the onset
of Joule heating. The displacement sensitivity is given by
the noise floor of the spectrum of thermal vibrations. The
displacement sensitivity gets better when increasing V acsd
(Figs. 3e,f). The displacement sensitivity at base temper-
ature is 1.7 pm/
√
Hz at V acsd = 80 µV before that Joule
heating starts to increase the variance of the displace-
ment. When the cryostat temperature is set at 300 mK,
3the displacement sensitivity is 0.5 pm/
√
Hz at the largest
V acsd value that we apply. The corresponding signal-to-
noise ratio in the spectrum of thermal vibrations is 17 dB
(Fig. 3b). The measured displacement sensitivity Simpzz
scales as (1/V acsd )
2 (Figs 3e,f), indicating that Simpzz is lim-
ited by the noise of the detection circuit and not by the
electron shot noise through the nanotube [59]. The Q-
factor in Fig. 3 is lower than that in Fig. 2c due to an
unknown reason while cycling the cryostat through room
temperature; the resonance frequency and the mass are
not modified by the thermal cycling.
In conclusion, we report on a detection scheme of nan-
otube resonators with an unprecedented displacement
sensitivity. It allows us to reach 4.3 zN/
√
Hz force sen-
sitivity, which surpasses what has been achieved with
mechanical resonators to date. This high force sensi-
tivity is an important step towards detecting individual
nuclear spins with nuclear magnetic resonance measure-
ments [60, 61]. The coupling between mechanical vibra-
tions and spins can be achieved by applying a gradient of
magnetic field that is generated with the current biased
through the gate electrode in Fig. 1a [58]. In this context,
the new fabrication process of nanotube resonators pre-
sented in this Letter is useful for increasing the gradient
of the magnetic field, since it reduces the separation be-
tween the current-carrying electrode and the nanotube
down to ∼ 150 nm. The device layout might also al-
low us to carry out magnetic resonance force microscopy
(MRFM) measurements to image the location of individ-
ual nuclear spins adsorbed along the nanotube. Imag-
ing can be done by periodically applying radio-frequency
pulses though the current-carrying electrode [62]. More-
over, the advances in fabrication and detection described
in this work offer new possibilities for studying the strong
coupling between electrons and vibrations in nanoscale
resonators [63–66]. In the Coulomb blockade regime, the
system has been predicted to feature a transition towards
a mechanically bistable and blocked-current state [66–
69]. This hitherto unobserved transition is expected to
occur at higher temperature for shorter separation be-
tween the nanotube and the gate electrode [66]. The high
quality displacement noise spectra reported here might
allow us to study this transition in details [66] as well
as the different cooling schemes that have been proposed
theoretically using different quantum electron transport
regimes [70–74].
Associated content Further information on the cali-
bration of the displacement sensitivity and the force sen-
sitivity; mechanical and electrical characterization of the
device; displacement variance as a function of tempera-
ture of a second device.
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5I. TRANSDUCTION OF DISPLACEMENT
INTO CURRENT
We summarize the important relations for the trans-
duction of displacement into current [37]. We use the fact
that the mechanical eigenmode is polarized in the direc-
tion perpendicular to the surface of the gate electrode,
as discussed in the main text. The current δI at the fre-
quency close to the difference between the mode eigen-
frequency and the frequency of the source-drain voltage
is
δI = βδz, (1)
β =
1
2
dG
dVG
V dcG V
ac
sd
C ′G
CG
. (2)
Here, δz is the displacement of the nanotube, dG/dVG is
the transcondutance, V dcG is the static gate voltage, V
ac
sd
is the amplitude of the oscillating source-drain voltage,
CG is the capacitance between the nanotube and the gate
electrode, and C ′G is the derivative of CG with respect to
z. We measure dG/dVG = 1.4 × 10−3 S/V at the gate
voltage discussed in the main text.
We estimate the capacitance CG from the separation
∆V dcG = 16.8±0.6 mV between two conductance peaks in
the Coulomb blockade regime at large positive V dcG values
(Fig. 4). We obtain CG = e/∆V
dc
G = 9.5±0.3×10−18 F.
We quantify C ′G using the relation
C ′G =
CG
d ln(2d/r)
= (1.11± 0.17)× 10−11F/m, (3)
with d = 150 ± 10 nm for the separation between the
nanotube and the gate electrode and r = 1± 0.3 nm for
the radius of the nanotube.
The spectral density Szz of the displacement noise in
the main text is obtained from the measured spectral
density of the current noise using Eqs. 1 and 2. The dis-
placement sensitivity Simpzz in the main text is estimated
from the current noise floor SimpII in the measured spec-
trum using
Simpzz =
1
β2
SimpII . (4)
II. CHARACTERISTICS OF THE NANOTUBE
DISCUSSED IN THE MAIN TEXT
We estimate the effective mass m = 8.6± 3.6 ag from
the measurement of the variance of the displacement
〈δz2〉 as a function of temperature T in Fig. 2d of the
main text. For this, we compare the measured slope of
〈δz2〉 as a function of T to the slope expected from the
equipartition theorem, which reads
mω20〈δz2〉 = kbT, (5)
with ω0/2pi the resonance frequency of the eigenmode.
This mass is consistent with the mass of a ∼ 1.3 µm
long nanotube. We obtain the same mass through a sec-
ond measurement, where we compare the amplitude of
the driving vibration amplitude to the amplitude of the
thermal vibrations, as discussed in the supplementary In-
formation of Ref. [37].
Because the thermal resonance is described by a
Lorentzian line shape in Fig. 2c of the main text, the
force sensitivity is quantified from the total displacement
noise at resonance frequency using
√
SFF =
√
Szz(ω0)
mω20
Q
= (4.3± 2.9)× 10−21N/
√
Hz,
(6)
whereQ is the quality factor measured from the linewidth
in the spectrum. The error bar in the estimation of
the force sensitivity originates essentially from the un-
certainty in d and r.
The electrical characteristics of the nanotube in Fig. 4
is typical of ultraclean nanotubes [37]. For large positive
V dcG values, p − n junctions are formed near the metal
electrodes, forming a Coulomb blockaded region along
the suspended nanotube. For negative V dcG , the nanotube
is p-doped along the whole tube, resulting in a larger
conductance.
III. THERMALIZATION OF A SECOND
NANOTUBE RESONATOR
Figure 5 shows the variance of the displacement as a
function of temperature. We observe a linear dependence
of 〈δz2〉 as a function of T at high temperature. The
variance 〈δz2〉 at the base temperature of the cryostat
corresponds to a temperature of ∼ 50 mK.
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FIG. 1: Nantotube resonator and electrical circuit for the detection of the vibrations. (a) False-colour scanning
electron microscopy image of a typical nanotube resonator fabricated with the ‘fast heating’ chemical vapour deposition method.
The∼ 20 nm high ridges at the edges of the gate electrodes are attributed to resist residues. The scale bar is 1 µm. (b) Schematic
of the measurement of the nanotube vibrations using the RLC resonator and the HEMT amplifier cooled at 3.2 K. The base
temperature of the cryostat is ∼ 20 mK. An oscillating voltage with amplitude V acsd is applied between electrodes S and D, and
a constant voltage V dcG is applied to electrode G. (c) Temperature dependence of the current noise floor of the circuit measured
at ωRLC.
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FIG. 2: Driven and thermal vibrations of the nanotube resonator. (a) Gate voltage dependence of the resonance
frequency of the fundamental eigenmode. The small positive offset voltage Voff = 0.119 V due to the work function difference
between the nanotube and the gate electrode is subtracted from the applied V dcG value. (b) Driven response of the two lowest-
frequency detected mechanical eigenmodes as a function of the drive frequency measured with the two-source method. The
resonances are indicated by two red arrows. (c) Spectrum of the displacement noise of the fundamental eigenmode measured
at the base temperature of the cryostat when applying V dcG =-0.21 V and V
ac
sd = 40 µV. The resonance frequency f0 is given in
the figure. (d) Variance of the displacement measured as a function of cryostat temperature.
√
SthFF (N/
√
Hz)
√
SimpFF (N/
√
Hz)
√
SFF (N/
√
Hz) Description
4.0 · 10−21 1.6 · 10−21 4.3 · 10−21 Nanotube (this work)
2.0 · 10−20 negligible 2.0 · 10−20 levitating particle [18]
2.7 · 10−19 2.7 · 10−19 3.9 · 10−19 Graphene [54]
1.0 · 10−18 negligible 1.0 · 10−18 Silicon nanowire [58]
5.0 · 10−18 negligible 5.0 · 10−18 GaAs/AlGaAs nanowire [14]
1.6 · 10−19 1.0 · 10−19 1.9 · 10−19 Microfabricated ladder [56]
5.1 · 10−19 negligible 5.1 · 10−19 Microfabricated beam [55]
2.0 · 10−17 negligible 2.0 · 10−17 Microfabricated trampoline [57]
1.2 · 10−20 unknown unknown Nanotube [12]
∼ 1 · 10−21 unknown unknown Nanotube [37]
TABLE I: Thermal force noise SthFF, force noise due to the imprecision of the detection S
imp
FF , and total force
sensitivity SFF for different resonators. The three force noises are related by S
th
FF + S
imp
FF = SFF.
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FIG. 3: Spectrum of the displacement noise modified by the oscillating voltage with amplitude V acsd applied across
the nanotube. (a) Spectrum of the displacement noise of the fundamental eigenmode measured at the base temperature of
the cryostat when applying V dcG =-0.255 V and V
ac
sd = 70 µV. (b) Same as a but with the cryostat temperature set at 300 mK
and V acsd = 400 µV. (c,d) Dependence of the variance of the displacement on V
ac
sd measured at the base temperature of the
cryostat and 300 mK. (e,f) Dependence of the displacement sensitivity on V acsd measured at the base temperature of the cryostat
and 300 mK.
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FIG. 4: Conductance of the nanotube as a function of gate
voltage measured at the base temperature of the cryostat.
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FIG. 5: Variance of the displacement of a second nanotube
resonator as a function of the temperature of the cryostat.
